ABSTRACT Two neuropeptides, substance P (SP) and SP-tyrosine-8 (SP-Y8), have been studied by molecular dynamics (MD) simulation in a TIP3P water/CCl 4 biphasic solvent system as a mimic for the water-membrane system. Initially, distance restraints derived from NMR nuclear Overhauser enhancements (NOE) were incorporated in the restrained MD (RMD) in the equilibration stage of the simulation. The starting orientation/position of the peptides for the MD simulation was either parallel to the water/CCl 4 interface or in a perpendicular/insertion mode. In both cases the peptides equilibrated and adopted a near-parallel orientation within ϳ250 ps. After equilibration, the conformation and orientation of the peptides, the solvation of both the backbone and the side chain of the residues, hydrogen bonding, and the dynamics of the peptides were analyzed from trajectories obtained in the RMD or the subsequent free MD (where the NOE restraints were removed). These analyses showed that the peptide backbone of nearly all residues are either solvated by water or are hydrogen-bonded. This is seen to be an important factor against the insertion mode of interaction. Most of the interactions with the hydrophobic phase come from the hydrophobic interactions of the side chains of Pro-4, Phe-7, Phe-8, Leu-10, and Met-11 for SP, and Phe-7, Leu-10, Met-11 and, to a lesser extent, Tyr-8 in SP-Y8. Concerted conformational transitions took place in the time frame of hundreds of picoseconds. The concertedness of the transition was due to the tendency of the peptide to maintain the necessary secondary structure to position the peptide properly with respect to the water/CCl 4 interface.
INTRODUCTION
Peptide-lipid membrane interactions represent an important field in biophysics, biochemistry, and pharmacology (White and Wimley, 1994; Schwyzer, 1992) . These interactions are central to the insertion and folding of membrane proteins, the action of antibiotic peptides, and the rupturing of membranes by toxins. Understanding the accumulation, conformation, and orientation of peptides on lipid membranes is also a key to the molecular mechanism of receptor selection (Sargent and Schwyzer, 1986; Schwyzer, 1995) . Though the conformation of such peptides can be studied by a variety of spectroscopic techniques, the precise orientation of the entire peptide backbone is less certain and the side chain locations are usually only probed for those that contain either a chromophore or a spin label (Merz and Roux, 1996) . An accurate three-dimensional description of the peptide-membrane complex requires the incorporation of many experimental techniques that can be complicated by the requirement of different conditions for which each technique is applicable. Recent advances in solid state NMR have shown that detailed orientational/positional information can be obtained for peptide/bilayer systems (Opella, 1997) . Our approach to the study of peptide-membrane complexes is through the combination of multidimensional NMR and molecular dynamics (MD) simulation, which is increasingly being used to study complex biopolymer systems (Philippopoulos et al., 1997; Bremi et al., 1997; Peng et al., 1996) . NMR can be used to determine structure as well as dynamics through relaxation measurements (Palmer et al., 1996) , while MD simulations can reproduce experimental observables and provide atomic level details of the structure and dynamics of biopolymer systems (Brooks et al., 1988) .
Estimates of how peptides may orient at the membrane interface have been made by Schwyzer (1995) , who considered four parameters in his theory: hydrophobic association, amphiphilic moment, electric dipole moment, and net charge. Schwyzer predicted many peptides that possessed primary amphiphilic moments to be oriented in a perpendicular fashion at the interface. A neutron diffraction study (Jacobs and White, 1989) found A-X-A-O-tert-butyl peptides (X ϭ Leu, Phe, Trp) to be oriented parallel to the interface. An NMR study of A-F-A-O-tert-butyl peptide came to the same conclusion (Brown and Huestis, 1993) . The peptides magainin and alamethicin adopt the insertion mode only after a significant fraction has been accumulated on the membrane surface He et al., 1996) . Two questions may be asked for peptides too short to traverse the lipid membrane: 1) does the primary amphiphilic moment of a peptide as defined by Schwyzer play a significant role in determining how the peptide interacts with a lipid membrane?, and 2) what is the most probable position of peptide residues on the membrane surface; specifically is it likely that the whole residue (side chain plus the backbone) or just the side chains that are inserted into the lipid region?
The use of a biphasic cell as a membrane mimetic for the study of peptide conformation and orientation has been described by . Their membrane mimetic used water and a united atom model for carbon tetrachloride for the simulation cell in the study of the bradykinin antagonist Hoe 140 and the peptide hormone lipo-CCK (Moroder et al., 1993) . Pellegrini and Mierke (1997) used the same model to study threonine 6 -bradykinin and found that NMR data supported two conformations while the peptide oriented parallel to the interface. The same approach has also been applied to the study of a polyether antibiotic, monensin (Mercurio et al., 1997) . The transfer of methane across the water-carbon tetrachloride interface has been simulated using a polarizable potential model (Chang and Dang, 1996) . Other water/ hydrophobic biphasic systems have also been studied by MD. For example, the anesthetic 1,1,2-trifluroethane was simulated in a water-hexane interfacial system (Pohorille et al., 1996) . Although little is known experimentally about peptides at these interfaces at the present time, the biphasic solvent model does possess the two essential phases to approximate the hydrophobic/hydrophilic interface found in micelles and lipid bilayers, and results from work mentioned above are promising. The information gained from simulations in the biphasic cell are more accurate than those done in vacuum (see Discussion). This membrane mimetic significantly reduces the number of atoms required and the computational expense of equilibration when compared to simulations in micellar or lipid bilayer media. The membrane interface has also been approximated by a continuum model that contains two regions with different dielectric constants (Area et al., 1995) . Biggin et al. (1997) used a simple bilayer model with a transbilayer voltage difference to examine possible mechanisms of the insertion of the alamethicin helix. MD studies of peptides with explicit membrane media have also been reported Tobias et al., 1996; Huang and Loew, 1995; Woolf and Roux, 1996; Shen et al., 1997; Bernèche et al., 1998) .
A simplistic view of the mechanism of a peptide interacting with a membrane interface is that the peptide will want to partition the hydrophobic residues in the hydrocarbon region while the hydrophilic residues remain in the aqueous phase and therefore form secondary structures in order to accomplish this most favored interaction. This picture generally tends to neglect one important aspect: the polar peptide backbone. Theoretical studies (Ben-Tal et al., 1996 , 1997 reveal that the energetic cost of inserting a non-hydrogen-bonded peptide into a nonpolar region is quite high. Furthermore, if the peptide to be inserted is not of sufficient length to traverse the bilayer it must pay this thermodynamic penalty unless these peptide bonds are able to adopt a conformation that allows the peptide bonds to hydrogen-bond with nearby side chains (Ben-Tal et al., 1996) . Roseman (1988) has estimated that the cost of partitioning a non-hydrogen-bonded peptide bond into a hydrocarbon phase is 5-6 kcal/mol, which is significantly larger than the free energy reduction of ϳ3 kcal/mol associated with partitioning of even the most hydrophobic amino acid side chain . These results, both experimental and theoretical, argue against the insertion of most small peptides possessing primary amphiphilicity. Instead, small peptides will be located at the membrane surface with the hydrophobic side chains making contact with the nonpolar lipid region. To better understand the important properties of peptide-membrane systems, the factors affecting the orientation and interaction of the peptides with the membrane and to interpret aspects of NMR data for the peptides in membrane-mimicking systems obtained from our own laboratory and elsewhere, we have undertaken an MD study of substance P (SP) and its Tyr-8 analog (SP-Y8) in a biphasic cell made up of water (TIP3P model) and carbon tetrachloride. In addition, we will examine the validity of such a simplified model by comparing the results from this work to results from simulations carried out using an explicit model of a SDS micelle described in the following paper.
SP is an 11-residue neuropeptide with the sequence RP-KPQQFFGLM-NH 2 . SP is widely distributed in the central and peripheral nervous system and in the gastrointestinal tissue (Nicoll et al., 1980) , and is involved in biological functions such as pain transmission and smooth muscle contractions (Regoli et al., 1989) . SP binds to the NK1 receptor, which is coupled to G proteins (Regoli et al., 1994; Huang et al., 1994) . SP has been extensively studied experimentally and therefore is a good candidate to assess our methods. The conformation of SP in micelles has been studied by two-dimensional (2D) NMR (Hicks et al., 1992; Young et al., 1994; Keire and Fletcher, 1996) , Raman (Williams and Weaver, 1990 ) and infrared spectroscopy (Erne et al., 1986) , circular dichroism and fluorescence (Woolley and Deber, 1987) . SP (and SP-Y8) possesses distinct charged (the N-terminal) and hydrophobic (the Cterminal) segments, and thus possesses primary amphiphilicity as defined by Schwyzer (1992) . Previous studies provided conflicting results on the orientation of SP with respect to the water/membrane interface. SP has been suggested to lie parallel to the membrane surface (Young et al., 1994; Seelig and Macdonald, 1989; Duplaa et al., 1992) , whereas Schywzer (1992) suggested that SP was oriented perpendicular to the membrane surface with ϳ7-8 residues inserted into the hydrophobic core. It has been suggested that the hydration of the bilayers determines the orientation of similar peptides (Frey and Tamm, 1991 ). An MD simulation was performed for SP in a DMPC bilayer (Kothekar, 1996) starting from a perpendicular orientation with nine residues inserted as proposed by Schwyzer (Erne et al., 1986; Schwyzer, 1992) . The simulation was carried out for only 260 ps, which is not of sufficient length to allow the peptide to change to the equilibrium orientation/position if the initial configuration does not correspond to the equilibrium configuration (see following paper).
SP-Y8 exhibits similar, but lower, biological activities to SP (Fisher et al., 1976) . Its structure in solution and in micelles (Gao and Wong, submitted for publication) and its partitioning in micelles as well as that of SP have recently been studied in our laboratory.
METHODS

MD simulation details
The CHARMM program (Brooks et al., 1983) version 24b2 was used for all minimizations and simulations in the biphasic cell. The CHARMM all22 force field was used for the peptide (MacKerell et al., 1998) . All MD simulations were performed in the NVT ensemble with application of periodic boundary conditions. The integration time step was 1 fs with bonds to hydrogen constrained to a fixed value by SHAKE (Ryckaert et al., 1977) . The long-range forces were handled by using a force switch from 8 to 12 Å. This method of handling long-range forces leaves short-range forces unaltered and damps forces monotonically to zero in the interval from r on to r off . The energy minima and barriers introduced by force switching are considerably less pronounced than those caused by potential switching (Steinbach and Brooks, 1994) . In addition, using this method for the nonbonded interactions does not require that we couple the solvents and the peptide to separate temperature baths to produce uniform temperature (Oda et al., 1996) . The nonbonded list was updated every 20 fs.
Most simulations were performed on a Silicon Graphics Power Challenge computer using one R10000 processor that required 17 h of cpu time for 30 ps of simulation. Some simulations were performed on a Cray T3E computer at the Pittsburgh Supercomputing Center that required ϳ155 cpu hours for 100 ps of simulation. Using 32 processors on the Cray T3E allows each 100 ps section to be calculated in ϳ4.8 h assuming that 1 cpu hour is equal to 1 h wall time.
Construction of the biphasic cell
Separate solvent boxes of water and carbon tetrachloride were constructed by placing solvent molecules in a random orientation on a lattice. The aqueous phase consisted of 1352 water molecules and the hydrophobic phase 256 carbon tetrachloride molecules for a total of 5336 atoms. The TIP3P water model (Jorgenson et al., 1983) was used for the aqueous phase while the relevant parameters for the carbon tetrachloride model are given in Table 1 (see MacKerell et al., 1998 for further force field information). Our all-atom model of carbon tetrachloride places a negative charge on the chlorine known to be the more electronegative atom. The partial charges are taken from AIM calculations (Wiberg and Rablen, 1993) . Other models place the negative charge on carbon which are taken from Mulliken population analysis. This parameter may be of small importance since the largest moment of carbon tetrachloride is the octapole and, therefore, the properties of carbon tetrachloride are probably not too dependent upon an accurate description of the electrostatics (Essex et al., 1992) .
The separate solvent boxes were minimized with 1000 steps of the steepest descent minimization with a 13 Å nonbonded cutoff. The dimensions of the solvent cells were adjusted to produce the correct density-0.997 g cm Ϫ3 for TIP3P water and 1.594 g cm Ϫ3 for carbon tetrachlorideduring a 10-ps dynamics simulation in which the velocities were scaled every 333 fs in 10°increments to a final value of 300 K to thermalize the separate cells and better randomize the configurations. The MD was continued at 300 K for 3 ps. The two solvent cells were then merged and minimized together with 800 steps of steepest descent. The final dimensions of the biphasic system were 43.487 ϫ 43.487 ϫ 43.155 Å 3 . A 10-ps simulation was performed in which the velocities were scaled as above to a final temperature of 300 K followed by a 110-ps equilibration phase. A 300-ps simulation was also performed on the carbon tetrachloride solvent to evaluate the structure of this solvent.
Simulated annealing
Distance restraints used in the simulated annealing procedure for SP were taken from Young et al. (1994) based on 2D NMR NOESY spectra obtained for SP in SDS micelles. Distance restraints for SP-Y8 were generated from NOESY spectra taken in both SDS and DPC micelles in our laboratory . Restraints during the simulated annealing were set to 200 kcal/mol Å. NOE restraints between protons were divided into three categories: strong (2.0 -2.7 Å), medium (2.0 -3.3 Å), and weak (2.0 -4.0 Å). SP had a total of 88 restraints of which 35 were intraresidue, 31 sequential, and 22 nonsequential. SP-Y8 had a total of 106 restraints of which 48 were intraresidue, 38 sequential, and 20 nonsequential. The intraresidue restraints are of little importance since the force field usually restrains the intraresidue distances. Starting conformations were generated in an extended fashion using Sybyl 5.3 (Tripos, Inc., St. Louis, MO). No partial charges were assigned during simulated annealing. The peptides were heated by scaling their velocities to a temperature of 2000 K and cooled exponentially to 200 K over 5 ps. This process was repeated 30 times and the last 10 conformations were saved. These 10 conformations were minimized in vacuo using the CHARMM force field and a dielectric constant of 1.0, with no nonbonded cutoff. The starting structure for the molecular dynamics that had a low molecular mechanics energy with low NOE violations was chosen, though neither quantity was the lowest for all the structures considered. The final structures were all very similar and the structure used for SP closely resembled the one reported by Keire and Fletcher (1996) for SP in SDS and DPC micelles. The structure for SP-Y8 resembles that reported by Gao and Wong (submitted for publication) determined in the same two micelles.
Peptides in the biphasic cell
The peptides were placed in the equilibrated biphasic cell in two orientations with the secondary structure generated from simulated annealing based on the experimental NOE restraints. The first orientation was perpendicular to the interface to simulate an "insertion mode." The other was approximately a parallel orientation adjusted to place as many hydrophobic side chains in the carbon tetrachloride region as possible. The surrounding solvent molecules were deleted if the oxygen of TIP3P or the chlorine of carbon tetrachloride were within ϳ2.8 Å of any heavy atom of the peptide. A series of minimizations were performed to allow some carbon tetrachloride molecules to diffuse away from the peptide if close contacts were not too severe and the volume of the cell was expanded to maintain a more accurate density with the peptide held fixed. A steepest descent minimization was carried out for 1000 steps before molecular dynamics was started. NOE restraints were placed on the peptide as in the simulated annealing procedure. The NOE restraint force constant was reduced to 10 kcal/mol Å during this minimization and throughout the equilibration period.
The peptides were then subjected to 10 ps of heating by velocity scaling from 0 to 300 K in increments of 10. After the initial heating, velocities were scaled if the temperature was not within 10 of 300 K checked every 50 fs. During equilibration, velocity scaling was never needed after ϳ50 ps of dynamics. Equilibration was achieved when little change was observed for the orientational and positional properties of the peptide with respect to the interface over a 50-ps time period. The trajectory was sampled every 500 fs in which restraints were placed on the peptide. The trajectory was continued without restraints for the peptides originally placed parallel to 
, where ⑀ 1 is the dielectric constant. the interface (see Results). During this simulation period, the trajectory was sampled every 200 fs.
RESULTS
MD of biphasic cell
The carbon tetrachloride model was evaluated by examining whether it gives an accurate structure and a stable interface with water. It was found to satisfactorily reproduce the experimental radial distribution functions (Narten, 1976) for chlorine-chlorine and for carbon-carbon distances (see Fig.  1 ). The structure of the carbon tetrachloride solvent is similar to other simulations performed of this solvent (Tironi et al., 1996) . The g(r) values are higher than those determined from experiment and some modifications to the model are perhaps desirable. During the 110-ps simulation, the interface remained stable, i.e., none of the water molecules penetrated far into the carbon tetrachloride region. A density plot of the biphasic system is shown in Fig. 2 . The simulation cell clearly contains a hydrophobic/hydrophilic boundary that is crucial for studying peptides at membranemimicking interfaces. The final coordinates from this simulation were used for the peptide simulations.
Equilibration of peptides in biphasic cell
The equilibration of SP originally perpendicular to the interface is shown in Fig. 3 . The interface between the two solvents remains throughout all simulations. The orientations that started perpendicular became parallel and those that started parallel remained in this orientation throughout the simulation. For SP originally perpendicular to the interface in the insertion mode, this equilibration process required ϳ500 ps, although the orientation of the peptide was essentially parallel to the interface within 300 ps. SP-Y8, which was originally perpendicular, equilibrated to a parallel orientation within 230 ps, as shown in Fig. 3 . The time FIGURE 1 RDFs between carbon and chlorine atoms (top) and between chlorine and chlorine atoms (bottom) are shown for the 300-ps simulation of 256 carbon tetrachloride molecules and experiment.
FIGURE 2 Density plot of carbon tetrachloride (left) and water (right) in the biphasic cell. The interface that appears on the left edge is due to the periodic boundary conditions. FIGURE 3 Equilibration of SP (top) and SP-Y8 (bottom) originally placed perpendicular to the interface. Interface boundary drawn at intersection of water and carbon tetrachloride densities. Only the backbone atoms are shown. The N-terminus starts out in the aqueous phase.
series for a normalized vector defined as the best fit helical cylindrical surface for the helical sections of SP (residues 4 -8) and SP-Y8 (residues 3-7) are shown in Fig. 4 for all simulations. Fluctuations of the helical axis remain throughout the simulation after the peptides reach an essentially parallel orientation to the interface. These fluctuations should be expected considering the shortness of our defined helix and the sharpness of the interface. The faster equilibration for SP-Y8 was perhaps due to the more polar tyrosine as opposed to the hydrophobic phenylalanine. Both of the simulations with the perpendicular starting orientation revealed that a poor initial guess of the orientation and position of the peptide can be overcome in a reasonable amount of simulation time in the biphasic cell (see also . SP, originally placed in a parallel orientation, was continued for 190 ps past equilibration for a total restrained simulation time of 369 ps. SP-Y8, originally placed in a parallel orientation, was continued 226 ps past equilibration for a total restrained simulation time of 387 ps. The simulations were continued without restraints on the peptide for 400 ps for SP and 276 ps for SP-Y8. Coordinates from the trajectory were sampled every 200 fs for analysis.
Conformational/orientational properties
SP
In the following several sections the detailed analysis of the properties of the peptide/biphasic system is presented. The analysis is based on the simulations of the two peptides that were originally oriented parallel to the surface, because this orientation is closer to the equilibrated orientation. The conformation of SP is reflected in the -values given in Table 2 for both the restrained and unrestrained MD simulations. SP is characterized by two type I ␤-turns (Wilmot FIGURE 4 The orientational equilibration during restrained MD is shown by mapping a normalized vector defined as the best fit helical cylindrical surface fitting the backbone atoms from residues 4 -8 in SP, and 3-7 in SP-Y8. A value of Ϫ1 indicates a perfectly perpendicular orientation with respect to the interface. SP-Y8 originally placed perpendicular (top left), SP-Y8 originally placed parallel (top right), SP originally placed perpendicular (bottom left), and SP originally placed parallel (bottom right). SP-Y8 originally placed parallel had an orientation that fluctuated and occasionally was perpendicular to the interface, but with this segment in the aqueous phase and not in an insertion mode.
and Thornton, 1990 ). The first turn is between Pro-2 and Gln-5. The other turn is between Gln-5 and Phe-8. Another extended turn exists between Phe-7 to Leu-10/Met-11, but does not rigorously meet the criteria for any certain type of ␤-turn. This structure for SP is very similar to the one reported by Keire and Fletcher (1996) . The carbonyl of the peptide backbone for residues 2-7 excluding residue 4 are all hydrogen-bonded to the i ϩ 3 NH of the peptide backbone. The criteria for defining a hydrogen bond are an average acceptor-donor hydrogen distance of Ͻ2.8 Å and an average acceptor-hydrogen-donor angle Ͼ120° (Ravishanker et al., 1994) . The hydrogen bond data from the restrained MD (RMD) are given in Table 3 . This conformation of SP is shown in the biphasic cell in a typical orientation in Fig. 5 . This orientation shown in Fig. 5 remained throughout the simulation with the axis of the peptide backbone being essentially parallel to the interface. When the restraints are removed from SP, the peptide undergoes a conformational transition to ␣-helical spanning residues 3-10, which is completed within 100 ps. Some experimental evidence suggests that SP does not form such a helix in the presence of micelles (Keire and Fletcher, 1996) , while another study reported that SP is helical from Pro-4 through Phe-8, but that the helical form fluctuates from 3 10 to ␣-helical (Young et al., 1994) . This conformational transition observed in the free MD may be understood when one considers the sharpness of the interface and the neglect of the headgroup interactions. The sharpness of the interface forces the backbone to lie closer to the hydrophobic phase in order to partition the nonpolar side chains into the hydrophobic phase than the peptide would in micelles/ bilayers, where it has been shown that the interface is quite broad (Weiner and White, 1992) . Since any representation of the micelle headgroup is neglected in this biphasic model, a helix lying on the surface does not perturb this interfacial area as it does in other membrane media (Dathe et al., 1996) . Furthermore, a short peptide is likely to exhibit a large degree of flexibility even if somewhat immobilized on the surface of a micelle (Spyracopoulos et al., 1996) .
SP-Y8
The -values for SP-Y8 are given in Table 2 . Residues Gln-6 and Phe-7 are shown to have values characteristic of an ␣-helical structure. SP-Y8 appears to have similar overall features of SP but the turn structures are more extended and do not fit any category of ␤-turn. The difference in the structure may be related to the interaction of the more polar tyrosine with water. SP has both phenylalanines immersed in the carbon tetrachloride, which forces this section to lie more parallel to the interface. Since this orientation does not allow as much interaction with water, the backbone will be more likely to form intramolecular hydrogen bonds, i.e., secondary structure. In comparison, Tyr-8 is well solvated by water, the orientation of the peptide is less parallel for this section, and the backbone has less of a need to form intramolecular hydrogen bonds. Since the interaction of the peptide with the headgroups in the membrane/water interface has been neglected in this model, there may be other reasons why these two similar peptides form slightly different secondary structures. Simulations in the biphasic system have the advantage of being able to correlate the differences in the secondary structures with the differences in the orientation of the peptide with respect to the water/membrane interface. When the restraints are removed from SP-Y8, secondary structure changes are observed (see Dynamics of the peptides section below). The conformation of SP-Y8 in a typical orientation from the RMD is shown in Fig. 5 . One major difference in the conformations of SP and SP-Y8 is in the relative orientations of the side chains of the two aromatic residues. In SP, both Phe-7 and Phe-8 are directed toward the hydrophobic phase (Fig. 5) . There is probably stacking interaction between the two aromatic rings. In SP-Y8, however, because of the tendency of the hydroxyl group in the tyrosine ring to be in contact with water, the orientations of Phe-7 and Tyr-8 are almost in opposite directions (Fig. 5) , pointing toward the hydrophobic and aqueous phases, respectively. The consequences of this difference in the orientation of these two peptides with respect to the interface, their binding affinity to membrane, and possible biological activities will be discussed in later sections.
Peptide/solvent properties
The analysis was carried out over the RMD section of the simulation. Because of the use of RMD trajectories, our results may be slightly biased in that the backbone will experience smaller fluctuations than in the case when the restraints are removed. This will in turn raise or lower the values in the radial distribution function (RDF). The overall picture should not be significantly different because of this, however, since those sections that are restrained are generally those involved in intramolecular hydrogen bonding, and secondary structures thus formed should not drastically change during a short simulation. To determine which residues interact with each respective phase, the aqueous or the hydrophobic, RDF, g(r), the associated hydration numbers, and the positions of the first peak (Table 4) were calculated between the carbonyl oxygen of the peptide backbone and oxygen atoms of TIP3P water. Another RDF was determined for key side chain atoms and the oxygen atoms of water. The need for the analysis of both of these two RDFs is that although a side chain may be hydrophobic, the peptide backbone is very polar. Thus the side chain and the backbone of the same residue may be partitioned in different phases. have determined that for interfacial peptides the backbone is more polar than any of the polar uncharged side chains. This suggests that hydrophobic residues on the surface may tend to insert just the side chain atoms of a residue into the hydrophobic region, while the backbone may prefer to be solvated or in a hydrogen-bonded environment.
SP
The carbonyl oxygen atoms of the polar peptide backbone are solvated or participating in intramolecular hydrogen bonds for SP (see Fig. 6 and Tables 3 and 4). In the RDF of most of the residues a prominent peak at ϳ3 Å appears, indicating a primary hydration shell around the carbonyl oxygen atom. Intramolecular hydrogen bonding reduces the sizes of the first peak in the RDF, and in the case of strong hydrogen bonding, the hydration peak in the RDF may completely disappear. As shown in Fig. 6 , the RDF of Pro-2, Lys-3, Phe-7 showed no solvation peak with water, and these are also the residues that are involved in the strongest hydrogen bonds as judged by the short O-H distance (Table 3) . The exception, i.e., there is neither a Residues in bold participate predominately in intramolecular hydrogen bonds.
hydration peak in the RDF nor hydrogen bonding, is the carbonyl oxygen of Pro-4 which is found to be situated in a pocket formed by the peptide in close proximity to both aromatic side chains. In general, the simulations reinforce the conclusions from experiment that the peptide backbone is very polar and tends to remain either solvated or in a hydrogen-bonded environment, or both. Theoretical calculations (Ben-Tal et al., 1996) suggest that inserting the peptide bond into the hydrophobic phase even in the ␣-helical conformation is energetically unfavorable by 2.2 kcal per residue. The strong tendency for the peptide backbone to stay solvated by water is the primary reason for peptides to interact with the membrane via the hydrophobic side chains. Thus, it is unlikely to see small peptides to be inserted into the membrane even when the peptide possesses primary amphiphilicity, i.e., possessing distinct charged and hydrophobic segments, as it was proposed by Schwyzer (1992) . The side chains that make a hydrophobic contribution to partitioning are Pro-4, Phe-7, Phe-8, Leu-10, and Met-11. The RDFs for side chain carbon atoms with the oxygen atoms of water are shown in Fig. 7 . Unlike the case for the peptide backbone, where if the carbonyl oxygen did not show a solvent peak it was still in a polar environment due to intramolecular hydrogen bonding, the side chain carbon atoms that do not display a water solvent peak in the RDF are truly in a hydrophobic region. Thus, the side chains of Phe-7, Phe-8, Leu-10, and Met-11 showed no solvation by water, as shown by the RDFs in Fig. 7 , indicating that these side chains reside in the hydrophobic phase. Furthermore, the Lys-3 side chain is shown to make a small hydrophobic contribution shown in Fig. 8 . This is the so-called "snorkel effect" (Segrest et al., 1990) where the methylenes are in the hydrophobic region with the charged amino group pulled toward the water. This effect is quite minor in the biphasic cell but does have a bigger effect when the simulation is performed with an explicit micelle (see following paper).
SP-Y8
The same analysis was applied to SP-Y8. Again the results showed that all the carbonyls of the peptide backbone were either solvated (Fig. 9 and Table 5 ) or in a hydrogen-bonded environment (Table 3) , providing further support for the importance of the peptide backbone in determining the partitioning of the peptide. Phe-7 has a high hydration number and is also involved in intramolecular hydrogen bonding. This high hydration number is due to the broader first hydration peak and the peak has to be integrated further out (to 4.4 Å) to determine this hydration number. SP-Y8 has more backbone atoms solvated, suggesting that hydrophobic interactions make a smaller contribution to partitioning than does SP, consistent with the values of the ⌬G part for SP and SP-Y8 measured in this laboratory . The intramolecular hydrogen bonding is reduced from SP as shown in Table 3 , a result of the higher solvation of the backbone by water. The side chains of SP-Y8 are more solvated by water than SP, most notably the comparison between Phe-8 of SP and Tyr-8 of SP-Y8 (Fig. 10) . The different hydrophobicities in these two peptides can be further visualized by examining Fig. 11 , which shows the close contact of each side chain with molecules of both solvents. The replacement of Phe-8 by the less hydrophobic Tyr not only results in a higher solvation (by water) of the Tyr side chain; there is also an overall increase in the solvation of most of the side chains in SP-Y8 by water, Pro-4, and Gln-5, in particular.
Dynamics of the peptide
SP
The trajectory of SP was analyzed over the unrestrained MD from 128 -400 ps. During the simulation time preceding this, SP changed its conformation slightly from two consecutive type I ␤-turns and an extended type turn to a conformation close to an ␣-helix. The concept of the amphipathic helix (Kaiser and Kezdy, 1983 ) is an important one in protein-membrane interactions. The interaction of the hydrophobic side of the helix with the hydrophobic core is a primary force in determining the orientation of the helix with respect to the membrane surface. SP actually had more side chain atoms inserted into the hydrophobic region before the conformational transition. By making this transition, Leu-10 becomes immersed in the aqueous region but this section of the peptide gains intramolecular hydrogen bonds to compensate for the change. Interestingly, during this time period of unrestrained simulation SP undergoes two conformational transitions but quickly returns to the primary conformation. The first conformational transition occurs at 328 ps of the unrestrained dynamics (200 ps after the transition to ␣-helix) with dihedral angles of Gln-6 and Phe-7. An examination of probable causes of the cooperative nature of these two dihedral angle transitions reveals that if only Gln-6 changes it will force Phe-8 into the aqueous phase; if only Phe-7 changes it will force Phe-7 into the aqueous phase. These isolated changes in dihedral angles would be undesirable because the phenylalanine residues have a clear preference for the hydrophobic phase. The second conformational transition occurs at 353 ps of the unrestrained dynamics (225 ps after the transition to ␣-helix) involving the of Phe-8 and the of Gly-9. This second conformational transition also lasts for only 10 -15 ps and the peptide returns to the ␣-helical structure. The cooperative nature of these transitions appears to be due to conserving a turn structure from Phe-7 to Met-11, which is necessary to keep the corresponding backbone hydrogenbonded, thus allowing these residues to be better immersed into the hydrophobic phase.
SP-Y8
SP-Y8 was also simulated without restraints for 276 ps. SP-Y8 undergoes a concerted dihedral angle transition involving Gln-6 and Phe-7 , which results in forming a turn from Lys-3 to Gln-5. Side chain positions with respect to the respective phases are unaffected. The most interesting transition comes from Tyr-8 /Gly-9 . The Tyr-8 tran- sition results in Tyr-8 being immersed into the hydrophobic phase with the hydroxyl group of Tyr-8 forming a hydrogen bond with Gln-5 NH of the peptide backbone. The concerted Gly-9 transition results in preserving the Leu-10/ Met-11 side chain positions in the hydrophobic phase and in the loss of the extended turn from Phe-7 to Met-11. The overall result of the Tyr-8 /Gly-9 transition is that both aromatic residues are now in the hydrophobic phase, with the hydrophobic side chains Leu-10 and Met-11 remaining in the hydrophobic phase.
The conformations of SP that deviated from ␣-helical last only ϳ10 -15 ps, while those of SP-Y8 lasted much longer. Dihedral angle transitions may occur in the biphasic cell on a shorter time scale than in micellar solution because the carbon tetrachloride phase does not immobilize the peptide on the time scale of this simulation. The synchronous transitions mentioned above are due to the nature of the biphasic environment in that the hydrophobic side chains will want to remain in the hydrophobic phase. This process is untenable if only one dihedral angle transition occurs. Observation of different possible conformations is important when considering that results from the biphasic cell can be used to build initial configurations for simulations in micellar media. Since conformational transitions may not occur in lipid bilayers or micelles on a simulation time scale of around a nanosecond, these alternate conformations could be used to run several simulations to get a more complete picture of the specific peptide-micelle complex .
Comparison to experiments done in membrane media
For SP in micelles there are many experimental studies with which our simulation results can be compared. Fluorescence of the Phe residues (283 nm) increases twofold in micelles, indicating changes to a more hydrophobic and/or a less mobile environment upon interaction with the micelles Residues in bold are predominately in intramolecular hydrogen bonds. (Woolley and Deber, 1987) . The SP simulations clearly showed this feature. In fact, the interaction of the Phe residues seems to be the central hydrophobic interaction, since during the simulation Leu-10 undergoes a transition to the aqueous phase while neither Phe-7 nor Phe-8 does.
NMR NOESY spectra showed crosspeaks between the methylenes of SDS micelle and the hydrogen atoms of the phenylalanine rings, which give further evidence for the insertion of these side chains (Hicks et al., 1992) . This same study could not identify any NOE correlations between Leu-10 and the methylene hydrogen atoms of SDS. This may be due to the dynamic nature of the peptide and or lipids, yet NOESY crosspeaks exist between the Leu-10 side chain and the aromatic hydrogen atoms of Phe and Tyr (Keire and Fletcher, 1996; Gao and Wong, submitted for publication) , which is only possible if these residues are on the same face interacting with the micelle. Our RMD simulations also indicate evidence of Leu-10 insertion into the micelle due to the fact that this residue is residing in the carbon tetrachloride phase during the majority of the simulation. Duplaa et al. (1992) , based on 13 C-NMR and surface potential measurements, suggested two models for SP interacting with the membrane, in one of which the two Phe residues were inserted into the membrane and the other model had the last three residues inserted. The latter model seems unlikely because of the need for the desolvation of the last three peptide bonds. The simulation results suggest that our model may be similar to the one suggested by Duplaa et al. (1992) in that both Phe residues are inserted with the helical structure as in the MD and another that has the Phe residues and Leu-10 side chains inserted with the conformation as used in the RMD. Clearly, the present simulation result is not in agreement with the model proposed by Schwyzer (1992) in which SP is inserted perpendicularly to the water/membrane interface with nine residues at the N-terminus residing in the hydrophobic region, based on attenuated total reflectance infrared spectroscopy (ATR-IR) and capacitance minimization measurements. There is some (albeit weak) evidence from NMR that SP undergoes rapid conformational exchange (Young et al., 1994) between an ␣-helix and a 3 10 helix in SDS micelles, but whether this is correlated with Leu-10 side chain insertion is difficult to determine. Lastly, the position of the charged and polar residues show a strong preference for the aqueous phase, as would be expected.
The orientation of SP in the biphasic cell equilibrates to a parallel orientation, which is consistent with most experimental data and theoretical studies, in simulations starting from very different orientations. For SP to insert into the lipid core in a perpendicular fashion would require that some of the C-terminal peptide bonds lose hydrogen bonds to water and not regain them unless the peptide is able to curl around in some fashion to hydrogen-bond to the side chains (see Ben-Tal et al., 1996) . Since there is no evidence that this structure occurs, it is consistent with other theoretical calculations (Ben-Tal et al., 1996) that SP and SP-Y8 must lie on the surface of a hydrophobic/hydrophilic interface. Changing the eighth residue on SP from the hydrophobic phenylalanine to a more polar tyrosine has many consequences for the MD in the biphasic cell. Since the side chain aromatic insertion into the hydrophobic phase is the major hydrophobic interaction, substitution of a more polar residue (such as Tyr) forces the peptide to orient at an angle to the interface for residues 1-8. The studies of and Thorgeirsson et al. (1996) showed that the free energy of partitioning into lipid bilayer, ⌬G part , should be more negative for Phe than for Tyr by ϳ1 kcal/mol. This difference was qualitatively corroborated by a partition study from this laboratory for SP and SP-Y8 in dodecylphosphocholine (DPC) micelles . The partition coefficient for SP in DPC micelles was found to be about twice that of SP-Y8 at 298 K, corresponding to a difference in the ⌬G part of ϳ0.35 kcal/mol. The difference ⌬G part mainly arises from the different degree of hydrophobic interaction (with the membrane) of Phe and Tyr.
CONCLUSIONS
The use of the biphasic cell in the study of SP peptide orientation and conformation has been shown to reproduce experimental observations of SP and SP-Y8 in membrane media. The biphasic cell is seen to work best with peptides with a significant interaction with the methylenes of lipids since it is this interaction that most closely resembles lipid bilayers or micelles. Another important aspect is the fact that simulations can be done relatively quickly compared to simulations in explicit membrane media. The simulation time needed for equilibration even when the peptide is placed in an unfavorable initial orientation/position is small (ϳ250 ps), and reorientation and repositioning of the peptide are possible in this system. This is an important ingredient because the orientation and position of a peptide with respect to the membrane are frequently difficult to determine experimentally. However, the results of this work also point out the danger of doing MD simulation over a short time period (Ͻ300 ps). When the simulation time is too short for the system to equilibrate, the apparent results (conformation, orientation, and position) will be strongly biased by the choice of the initial configuration. Such is the case, we believe, in a MD simulation of SP in a lipid bilayer for 260 ps (Kothekar, 1996) .
The biphasic cell also correctly places the most hydrophobic residues in the hydrophobic phase. Furthermore, the results seem consistent with theoretical (Ben-Tal et al., 1996) and experimental results in that the peptide backbone is very polar and therefore is expected to either be solvated or participate in intramolecular hydrogen bonding and be oriented at the surface. The results from these simulations can also be used to construct favorable initial configurations for peptides in explicit membrane models where the amount of simulation time needed for equilibration is expected to be longer (see following paper) and is thus of a major concern in terms of computational time.
Comparing the two SP peptides that differ by only a hydroxyl group on the eighth residue, different sets of properties emerge. SP appears to have a larger hydrophobic interaction, the strongest of which comes from the side chains of the two aromatic residues; its orientation is nearly parallel to the interface while SP-Y8 has a smaller interaction with the hydrophobic phase, and its orientation is more tilted away from the parallel orientation, though not in an insertion mode. The two aromatic side chains (Phe-7 and Tyr-8) are pointed in opposite directions-Tyr-8 is solvated by water while Phe-7 is mostly in the hydrophobic phaseand show no stacking interaction. The different properties exhibited by the two peptides may explain their different biological properties; SP-Y8 being a weaker agonist of the NK1 receptor (Fisher et al., 1976) . The two aromatic resi-FIGURE 11 Contributions from the biphasic cell to the solvation of the side chains of SP (top) and SP-Y8 (bottom). The average solvation number was calculated by counting the number of nearest neighbors within a distance of 5 Å around each side chain, averaged over the last 60 ps of the trajectory, and normalized with respect to the total number of heavy atoms (excluding hydrogen) in each side chain. dues of SP have been shown to be important for receptor recognition and activation (Huang et al., 1994) . Both aromatic side chains have been shown to be especially attracted to the bilayer interfacial region , but with different hydrophobicities. Thus it may be argued that the difference in the biological properties of these two peptides may be in how they interact with the lipids before interacting with the receptor, according to the membranemediated mechanism (Schwyzer, 1992) . One needs to be cautious in the interpretation of such results because our simulations show that changing a residue's hydrophobicity can change not only the secondary structure, which may be related to the "bioactive conformation," but the orientation, position, and binding affinity of the peptide to the membrane.
Not only is the result of the present study useful as a mimic for amphiphilic peptides in membrane, it is also relevant to the study of amphiphilic molecules at liquidliquid interfaces. Few if any experimental evidence exists for peptides at the water/carbon tetrachloride interface. Nonlinear optical techniques (sum-frequency generation and second harmonic generation) are potentially powerful techniques for such purposes (Paul and Corn, 1997; Conboy et al., 1996) . The study of peptides at interfaces with these methods may be a logical step in determining an interfacial hydrophobic index that would be free from the electrostatic interaction with the charged headgroups.
